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ABSTRACT

The purpose of this investigation was to measure
the effectiveness of an inoculant alloy reacting with
molten cast iron in a reaction chamber properly located
in the gating system.
The chemical composition of the gray iron was held
constant while several metallurgical factors were varied
to produce test samples with different cementite thick
nesses.

These chill depths were measured as an indication

of the inoculation effectiveness.
Appreciable differences in chilling tendency were
observed within the different variables studied.

The

results indicate that pouring temperature, as well as the
other variables studied, are of considerable importance
when dealing with inoculation of gray iron where the
inoculant alloy is' placed in the reaction chamber.

Under

the experimental conditions employed, ferrosilicon gives
an adequate dissolution rate at temperatures around
1300°C.

Both hemispherical and conical reaction chamber

designs lead to a high and uniform dissolution.

The most

effective alloy size seems to be around 0.023 inches.
The amount of 20 grams of FeSi shows the most efficient
solution at 1300°C.

Some reduction in the degree of

inoculant dissolution occurred as the area of the choke
increases.

Sprue and reaction chamber must be separated

from each other.

Ill
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I.

INTRODUCTION

Inoculation of gray and ductile iron is necessary
to develop optimum microstructures, to develop high
mechanical properties, and to avoid lengthy heat treat
ments needed to eliminate carbides.

One of the most

serious problems is fading of the inoculant effect with
time.
Furthermore, the nodulizing process is required in
ductile irons to develop spheroidal graphite.

Not only

does the spheroidizing effect fade with time, but many
nodulizing techniques give copious fumes and are ineffi
cient (low recoveries of the nodulizing element).
Much work has been done to develop alloys which
resist fading of the inoculant and that increase recover
ies and minimize fading of the nodulizer.

However,

previous work has indicated that the best results are
obtained when the alloys are added at the last possible
moment.

While a number of techniques have been developed

for this purpose, perhaps the most promising are the mold
inoculation and mold nodulizing processes.

These consist

of the dissolution of an inoculant or nodulizing alloy
placed in a reaction chamber in the gating system.

Control

of the dissolution rate is a critical portion of this
process.

2

The purpose of the present work is to study the
effect of a number of variables on the uniformity and
effectiveness of the dissolution of the inoculant alloy
during mold inoculation of gray cast iron.

Results may

be useful in controlling the structure and properties of
gray cast irons and may also be applicable in part to
mold nodulizing of ductile iron.
The following sections contain a literature survey
of existing inoculating techniques, including the mold
inoculation and mold nodulizing processes, followed by a
description of the experimental procedure and a discussion
and evaluation of the results.
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II.
A.

LITERATURE SURVEY

Solidification
Cast irons may be defined as iron-carbon-silicon

alloys which exhibit the eutectic transformation during
solidification.

The wide range of properties of these

alloys arises from the diverse ways in which this
eutectic transformation can be influenced by variations
in composition, cooling rate, metal treatment, and thermal
history of the melting process.
It is well known that the eutectic transformation
in cast irons can take place to give the iron-graphite
eutectic (gray cast iron) or the iron-iron carbide
eutectic (white cast iron).

Slow cooling favors the

formation of gray cast iron and fast cooling favors the
formation of white cast iron.

Most engineering applica

tions require that gray cast iron be free from eutectic
carbides.

Considerable empirical data and experience

are available to indicate the principal features which
determine whether an iron will solidify white or gray.
1.

Cooling Rate Effect.

With increasing rate of

cooling the temperature at which the graphite eutectic
forms in a gray cast iron becomes progressively lower'*'.
This is illustrated schematically in Figure 1.

Above a

certain temperature T-l the liquid is stable and no
solidification of the eutectic is possible.

When the

TEMPERATURE
Figure 1. Influence of cooling rate on the
2
eutectic solidification temperature .
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temperature T-l is reached on cooling, solidification of
the iron-graphite eutectic can begin, but the temper
ature must generally fall at least slightly below T-l
for this to occur.

As the rate of cooling increases the

temperature at which this iron-graphite eutectic begins
to form decreases, as shown by line XU.
Temperature T-l corresponds approximately to the
equilibrium freezing point for the liquid for a slow rate
of cooling.

It also corresponds to the melting point of

the iron-graphite eutectic for moderately slow rates of
heating.

It can be determined by establishing the

equilibrium melting point of the iron-graphite eutectic
or by extrapolation of the line XU to zero cooling rate.
At cooling rates greater than that corresponding to
point U, solidification of the white iron eutectic
becomes possible.
The white iron eutectic can solidify at temperatures
below T-2, which corresponds approximately to the melting
point of the white iron eutectic.

This temperature also

represents the highest temperature at which the white
iron eutectic theoretically could form with slow rates
of cooling.

It can be established either by determina

tion of the melting point or by extrapolation of line
W Z , showing the effect of cooling rate on the tempera
ture of solidification of the white iron eutectic,
zero cooling rate.

Usually some undercooling below

to
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temperature T-2 is required before the white iron
eutectic begins to solidify at, for instance, point W.
With further increases in cooling rate the temperature
of solidification of the white iron eutectic is slightly
reduced, as shown by line WZ'.
2.

White Iron Formation.

The tendency for an iron

to solidify white is only partly determined by the rate
of cooling necessary to cause the liquid metal to cool
(undercool) into the temperature region in which the
white iron eutectic can solidify.

Theoretically this

tendency can be altered in several different ways.

For

instance the susceptibility of the iron to undercooling
below the equilibrium iron-graphite eutectic temperature
at a given cooling rate can be modified by the treatment
given to the molten metal.
If the iron is superheated for a long time or at a
high temperature before pouring, potential nuclei will
be destroyed.

The iron will undercool more for a given

cooling rate and will therefore show a greater tendency
to solidify white.

On the other hand, if the melt is

inoculated before pouring, it will undercool less for a
given cooling rate and will show a greater tendency to
solidify gray.

This effect is illustrated in Figure 2.

This shows that iron N-l can only sustain a cooling rate
R-l before undercooling below T-2 with the formation of
white iron.

By inoculation, the properties of such an

TEMPERATURE

7

Figure 2. Influence of cooling rate on the eutectic
solidification temperature for two irons
with a different degree of nucleation^.
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iron could be modified to give the characteristics of
iron 2 , which can sustain a much higher cooling rate
R-2 before undercooling into the region of white iron
solidification.
3.

Gray Iron Formation.

Solidification of gray

iron begins at a number of discrete centers or nuclei
and proceeds by growth from these nuclei.

For any given

iron the number of nuclei growing increases with de
creasing solidification temperature.

Similarly the

growth of each eutectic solidification center increases
as the solidification temperature is reduced; thus in
Figure 2, iron 2 at a cooling rate denoted by R-3 will
have relatively few nuclei each growing relatively
slowly, whereas the same iron cooled more rapidly at
cooling rate R-4 and solidifying at temperature T-4
would have more nuclei each growing much faster.
If iron 2 were subjected to prolonged superheating
before casting, the number of nuclei available for
solidification would be reduced so that at cooling rate
R-3 the iron would undercool to T-4 before solidification.
Figure 3 shows that the number of nuclei growing in
creases with cooling rate and amount of undercooling
according to a simple curve such as that for iron 1 .
By inoculation or by some change in composition the
curve may be displaced so that for a given amount of
undercooling the number of nuclei growing may be

No. OF NUCLEI
Figure 3. Influence of undercooling on the number of
growing nuclei2.

10

increasing as for irons 2 and 3 in the same figure.

If

the curve of constant cooling rate, RR in Figure 3,
bends to the left with an increase in the variable it
may be assumed that its effect arises predominantly from
changes in nucleation.
4.

Composition Change Effect.

A change in compo

sition can also cause a change in the amount of under
cooling and hence a change in susceptibility to white
iron formation by slowing the rate at which solidifica
tion of the eutectic can proceed at a given solidifica
tion temperature.

Elements causing this effect would

appear to behave as carbide stabilizers.

When this

happens the curve of constant cooling rate bends to the
right with an increase in the variable, as shown by the
dotted line SS in Figure 3.
In addition, measurements show that elements such
as chromium and silicon change the temperature difference
between the equilibrium iron-graphite eutectic and the
3
white iron eutectic . Chromium appears to reduce this
temperature difference, whereas the silicon appears to
have the opposite effect.
5.

Carbide Formation Factors.

This discussion

leads to the conclusion that susceptibility to carbide
formation in gray iron can be influenced by any or all
of these factors:
a.

Change in nucleation (number of centers from

11

which eutectic solidification can begin).
This may be a transient effect, as with inocu
lation, or it may be permanent, arising from
the composition of the alloy.

For instance,

sulfur and phosphorous appear to increase
nucleation.
b.

Change in growth or solidification rate at a
given temperature.

c.

Altering the metastability of the carbide
eutectic.

This is revealed by a change in the

temperature interval between the stable irongraphite eutectic and the metastable carbide
2
eutectic .
B.

Inoculation

4
R. A. Clark

has defined inoculation as Ma process

in which an addition is made to molten cast iron for
the purpose of altering or modifying the microstructure
of the iron and thereby improving the mechanical and
physical properties to a degree not explainable on the
basis of a change in composition” .
In most gray and ductile iron production the
optimum structure is developed only after the melt is
inoculated.

The inoculation step greatly increases the

state of nucleation in the melt during solidification,
resulting in a smaller eutectic cell size and smaller

12

flake size in gray iron and a higher nodule count in
ductile iron.

In addition the formation of carbides is

greatly suppressed.
There are several theories suggesting mechanisms
for how inoculants increase nucleation, including the
"salt-like carbide theory" and the "silicon carbide
theory"^.

Although the exact mechanism of increasing

nucleation is not known, extensive discussions have been
offered in the literature.
The amount of inoculation required depends on the
composition of the iron, the section size and solidifica
tion rate of the casting, the type of melting furnace,
and the composition of the inoculant used.

The influence

of the amount of added inoculant on the eutectic cell
count in gray iron^ is shown in Figure 4.
1.

Inoculation Effects.

The inoculation process

is characterized by a number of variables, not all of
which are readily understood.
a.

Some of these are:

Inoculation generally reduces the size of the
austenite dendrites in hypo-eutectic cast
7
irons .

b.

The amount of undercooling is reduced by
inoculation^.

c.

The increase in nucleation results in more
o
eutectic cells .

EUTECTIC CELLS PER SQ. IN.

8400

7500

6600

5700

4800

3900
0

0.2

0.4

0.6

SILICON INCREMENT,%
Figure 4. Influence of the amount of
added inoculant on the eutectic
cell count in gray iron^.
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d.

Inoculation results in a lower growth rate of
the graphite and coarsening of the flake size10 .

e.

Inoculation reduces the chill depth, depending
O
significantly on the type of inoculant used .

2.

Classification of Inoculants.

There are two

groups of inoculants:
a.

Inoculants having the sole duty of producing
inoculation effects

(changing the graphite

distribution and reducing the chill) to a degree
greater than that which can be explained on a
basis of change in composition.

These inocu

lants usually contain either carbon, silicon,
calcium, titanium, zirconium, aluminum, barium,
cerium or rare earths .11
b.

Inoculants which produce not only the effects
above but also produce a change in composition.
These inoculants contain, in addition to those
elements in group a, elements which exert
supplemental beneficial effects.

Chromium is

used for stabilization of carbides, while nickel
is used for carbide decomposition.
The most important and generally used inoculants for
gray iron are the ferrosilicon alloys with 75 - 85%
silicon content.
are:

Some of the typical inoculant alloys

50 - 85% FeSi with Ca and A 1 , SMZ

(Si, Mn, Zr)

with Ca, Superseed (FeSi plus Sr), Inoculoy (FeSi, Mn

15

plus B a ) , CaSi or CaMnSi, and graphite powder.

The

effectiveness of typical inoculants in reducing the
depth of chill in gray iron

is shown in Figure 5.

To develop optimum nucleation and to minimize
carbide formation, it is essential that the ferrosilicon
contain calcium, aluminum, barium, strontium or some
other potent nuclei former
contain Ca and Al.

13

.

Most inoculating additions

FeSi with Ca and A1 is more effective

than either Ca or Al alone1^.
3.

Inoculating Techniques.

The time, place, and

method of inoculation are some of the important factors
that have a great bearing on the effectiveness of inocu
lation.

The function of an inoculant is to increase

the number of graphite nucleation centers during solidi
fication and to minimize formation of carbides.

The

effectiveness of all inoculants fades with time, varying
anywhere from a few to 15 minutes depending on the type
of inoculant, melting conditions, etc.13.
The fading of the effect of ferrosilicon inocula
tion has been known to cast iron foundrymen for several
decades.

A discovery approximately 14 years ago re

vealed that this fading is extremely rapid during the
first 10 - 100 seconds following the addition of the
inoculant.

In other words, cast iron is in a "super-

inoculated" state immediately after inoculation

.
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INOCULANTS
NONE................ ..............
85% FeSi, Standard................
85% FeSi, Low A l ..............
85% FeSi, Ca......................
CaMnSi........ .......... ...... . . .
Si-Ca-Ti-Al...................... .
Flake graphite.... .............. .
75% FeSi, Standard................
85% FeSi, Ca, Mexican graphite....
Silicon Carbide. ............. . . . . .
50% FeSi, 7% Ca................
0

5 10 15

Depth in clear
chill in 32nd inches
Figure 5.

Effectiveness of typical inoculants in
reducing the depth of chill in gray iron1 .
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The elimination of fading of the inoculant effect
is expected to improve graphite structure and mechanical
properties in both gray and ductile iron.

This has been

shown to be generally the case with special inoculant
techniques.

It was also shown that these techniques

result not only in increased consistency but in improved
economy as well.
For the greatest effectiveness, the inoculant should
be introduced as close to the time the molds are poured
as possible.

In an effort to inoculate cast iron at the

very last moment, ferrosilicon and other silicon alloys
have been used as tablets

, as crushed alloys

and

1
even as rods
being poured.

designed to contact the metal as it is
The result, in general, is an improved

cell count and a more ferritic as - cast structure.
Some of the inoculation methods for gray cast
iron are:
a.

Stirring the inoculant into the ladle.

This

is not too effective since the inoculant may
not be well distributed throughout the metal
and usually significant fading occurs before
pouring.
b.

Stream treatment.

The inoculant is gradually

added to the metal stream as the metal is
tapped into the ladle

18

.
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c.

Reladle treatment.

Add the inoculant to the

bottom of the pouring ladle, then pour in the
metal.

The stirring action should distribute

the inoculant.
d.

Instantaneous ladle treatment.

A metal tube

containing compacted ferrosilicon is graduallydissolved by the metal stream as it is poured
out of the pouring ladle into the mold1 6 ,
Figure 6 .
e.

Mold inoculation.

A very small amount of fine

inoculant is added to the base of the sprue.
This represents the last possible-time at which
the inoculant may be added and thus minimizes
fading

C.

19

, Figure 7.

The Mold Inoculation and Inmold Processes
The properties of cast- iron depend primarily on

the shape of the graphite formed during solidification
of the alloys, i.e. for the case of ductile iron, as the
shape becomes less spheroidal, the engineering properties
deteriorate gradually until they approach those of gray
cast iron.

It is important then to obtain an under

standing of the factors influencing graphite shape in
cast iron.

The foundryman needs to know why these

graphite shapes form and how can they be controlled.
The answers to these questions are masked in the mechan
ism of solidification of cast irons, both flake and

19

Figure 6 . Instantaneous ladle inoculation.

Figure 7. Mold inoculation.

spheroidal graphite types, which has been studied to
develop additional control techniques for the production
of cast irons.
For several years, many engineers and researchers
have been studying ways to increase the effectiveness of
iron inoculation.

Since the effectiveness was found to

be highest when the time from the inoculant addition to
the beginning of solidification is very short, the ino
culant was introduced directly inside the mold in the
runner or in a cavity upstream from the cavity ingate.
The same concept also proved to be applicable to the
spheroidizing treatment.
Since its introduction several years ago, the Inmold
process for nodulizing ductile iron has found favorable
acceptance in Italy, France, Germany, Great Britain and
Australia

.

In this process, the nodulizing alloy is

placed in a special chamber in the gating system of the
mold.

For the case of ductile iron the nodulizing

treatment occurs within that chamber.

The fact that

the nodulizing takes place out of contact with air means
better environmental conditions and a cleaner atmosphere,
as well as a savings in the capital expenditure for
fume extraction equipment

21

The nodulizing alloy is a proprietary material
formulated to permit a controlled solution rate of the
alloy in a reaction chamber designed into the gating

21

system, as in Figure 8.

The amount of alloy introduced

into the base iron is determined by its solution rate,
which in turn closely controls the quantity of the alloy
required.
The alloy solution rate of either the inoculant or
nodulizing alloys is controlled by factors such as metal
temperature, pouring rate (Ibs/second), area of the
reaction chamber, and inoculant or nodulizing alloy
particle size.

There is a relationship between solution

rate, pouring rate, and area of the reaction chamber.
This relation is expressed as follows for a given
alloy20:
Pouring rate (lbs/second)
Reaction chamber area (sq. i n .)

_ ^.
.
...
solution factor (f)

Based on this relation, the solution rate of the
alloy can be conveniently varied by altering the area of
the reaction chamber.

Solution factors between 0.8 and

1.0 are normally recommended.

With a low solution

factor (say 0.5), a high solution rate would be obtained,
resulting in all of the alloy being dissolved before
pouring is complete.

Hence, part of the casting may have

a high carbide content.

Conversely, with a high solution

factor a low solution rate would result.

This would give

poor inoculation of all of the metal due to undertreat
ment .

Figure 8. A simple reaction chamber design.
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Therefore, by pre-calculating the pouring velocity
and the cross-sectional area of the reaction chamber, the
desired level of nucleation or treatment can be established
with consistency for a given casting.
Provided that the iron flow rate remains constant,
the chamber should be suitably shaped to maintain a
constant solution rate during pouring.

An example of a

very simple chamber design is given in Figure 8.
The mechanical properties of ductile cast irons
produced by the Inmold process are said to be generally
superior to those obtained by other methods.

The

improvements occur both because of reducing the
drossing problems and the higher nodule count that
results from the small time span between treatment and
solidification

22 .

The increased nodule count also

reduces carbide formation.

For the case of ductile iron,

it is feasible to adjust the quantity of the treatment
alloy so that the residual magnesium content in the
casting can be controlled to allow for different section
sizes.

The process is adaptable to castings of different

sizes; individual casting weights from one pound to
almost a ton have been produced satisfactorily.
It is recommended that the iron either be melted to
a low sulfur specification or that it be desulfurized to
achieve 0.01% sulfur or less

.

Keeping the sulfur

content low is important because as a rule of thumb it

takes one point of magnesium to counteract one point of
sulfur.

Too much sulfur means that more magnesium alloy

is required, which in turn increases the size of the
mold chamber, wastes the nodulizing alloy, and promotes
the formation of dross defects.
Two fundamental requirements should be satisfied
when introducing the inoculant directly inside the mold:
a.

The addition alloy must dissolve promptly and
ensure reasonable concentration consistency
from the beginning to the end of pouring.

b.

Undissolved alloy residuals must not be allowed
to be dragged inside the casting.

For inoculation or nodulizing treatments inside the
mold the alloy must have specific characteristics.

In

fact, resistance to fading is no longer important; the
solution rate in the iron flow is now the governing
factor.

Thus an alloy which is effective when used in

the ladle may prove unfit inside the mold if its solution
rate in the iron is too low (inoculation or treatment
of the casting is insufficient) or too high (inoculation
treatment in the last part of the casting is insufficient)
In general, matrix control with the mold nodulizing
process is achieved in the same manner as with other con
ventional nodulizing processes.

A suitable charge mak e 

up and final chemical analysis are necessary:

low

manganese for a ferritic structure and high manganese or
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other alloying elements for a pearlitic structure.

Due

to the extra nucleation, mold nodulizing also makes it
possible to operate with a somewhat lower silicon content
in ferritic irons, which is required for applications
involving impact resistance.

A lower silicon content can

also be beneficial in reducing the tendency for dross
defects^.
This inoculation or treatment process appears,
therefore, to give better control of the solution of the
alloy and, consequently, its effectiveness.

There is,

however, the danger of inclusions in the castings, due
mainly to the possibility of dragging undissolved residual
alloy grains and reaction products into the casting.

For

the case of nodular iron, some factors contributing to
the formation of reaction products include:

high carbon

equivalent values, lower pouring temperatures, high Mg
and Si contents, grain size and distribution, and the
design of both alloy chamber and gating systems.

Most

inclusions experienced with mold nodulizing are also
common to other nodulizing processes and consist of
oxy-silicates of magnesium and aluminum.

The gating

system must be correctly designed to ensure the re 
straint of possible reaction products before they enter
the casting cavity.

Problems such as the alloy chamber

design, minimizing the tendency to form inclusions in
the castings, choice of the proper alloy, and fitting of
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quality control methods to production must be solved for
the Inmold process.
1.

Quality Control.

M. Remondino and associates^

consider the following concepts for quality control using
mold inoculation and nodulizing.

An important consequence

of the adoption of inoculation or spheroidization inside
the mold is the need to introduce new quality control
methods in different phases of the production cycle.
Since the lot size is limited to a single casting or
casting cluster produced in a mold, the quality control
department should be prepared to carry out a 100%
casting inspection.

Both alloy manufacturer and foundry

producer are required to assure a stricter control over
the quality of the alloys supplied as regards grain
size, chemical composition and effectiveness obtained
during the process.

Each pattern is approved for use in

production only after stringent checks have been made to
demonstrate that the casting will be free from any
systematic defects related to microstructure and casting
integrity.
To obtain maximum economy, first class control is
required over metal, gating techniques, and inspection.
Special ultrasonic techniques have been developed to
permit rapid inspection
2.
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Advantages and Disadvantages.

The Inmold and

mold inoculation processes are said to provide a great

27

number of advantages.

These processes can yield con

siderable metallurgical, economical, and ecological
advantages.

Among the most important is the absence of

fading.
In addition to eliminating fading, treatment inside
the mold can offer the following advantages:
a.

Maximum alloy effectiveness and excellent
quality of microstructure

b.

Smaller amount of alloy used

c.

No slagging between alloy addition and pouring
operations

d.

Possibility of obtaining castings requiring
different inoculation treatments from the same
basic iron simply by adding the proper amount
and quality of inoculant to each mold, depending
on requirements

e.

No pyrotechnic phenomenon or smoke emission in
ductile iron

f.

In the case of ductile iron, no pigging of un
poured metal since it can be returned to the
furnace without any further problems

g.

Feasibility of fully automatic addition of the
inoculant or treatment alloy to the mold

h.

Faster turn-around of ladles

i.

Higher pouring temperatures in the case of
ductile irons
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j.

Shorter metal handling times

k.

Maximum and more consistent metal properties.

However, while offering these considerable advan
tages, the process of treatment inside the mold also has
some favorable characteristics that require careful
attention:
a.

Need for an adequate and sometimes excessively
large alloy chamber

b.

Tendency to introduce inclusions in the
castings

c.

Need for suitably chosen addition alloys

d.

Need for new production quality control concepts

e.

Cost of pattern modifications
of plant).

(depends on type
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III.

EXPERIMENTAL PROCEDURE

The purpose of this investigation is to determine
the influence of several processing variables on the rate
of solution of inoculants placed inside the mold as a
means of cast iron inoculation.

This work concentrates

on the mold inoculation of gray cast iron; however the
results may at least be partly applied to the mold
nodulizing of ductile cast iron.
The experimental procedure can be subdivided into
the following parts:

Preliminary Experiments, Material

Composition, Mold Design and Preparation, Melting and
Treatment, Preparation of Samples, and Metallographic
Studies.
A.

Each part is discussed in detail below.

Preliminary Experiments
At the very beginning of the work it was necessary

to develop a mold design to ensure a correct sequential
filling of the casting and to develop a proper procedure
and metal composition to obtain a casting with a p r e 
dominantly gray iron structure yet having a measurable
chill depth.
First, three heats were produced using the mold
design in Figure 9.

Casting number 1 used no mold

inoculation; casting number 2 used 10 grams of 75% FeSi
and a small choke area to control the molten metal
entrance into the gating system of the mold cavity;

and
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Figure 9. Sketch of the preliminary mold design. .
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casting number 3 used 10 grams of the same inoculant
but without a small choke area.

These heats were made to

determine whether appreciable differences were observed
between the effects produced by each of these variables.
It was intended to obtain a gray iron with 3.0% carbon,
2.1% silicon, and a carbon equivalent of 3.7%.
Unfortunately the results were not as expected,
since gray irons with high carbide contents were obtained.
The cause of these undesirable results was perhaps the
preparation and melting conditions used in the laboratory.
In addition the available flasks were not large enough
for the mold design originally chosen.

Due to this, the

mold design was modified and acceptable results were
obtained.

B.

Metal Composition
Normally 50 pounds of gray iron with a base compo

sition of 3.5% C, 2.1% Si, and a carbon equivalent of
4.2% were melted in each heat.

In addition, 0.30%

chromium as ferrochromium was added to the charge to
increase the combined carbon and to intensify the chilling
tendency of the gray iron.
The charge materials used, their compositions, and
their amounts are given in Table I.

These materials

were used for all the heats performed in the experiment.
Near the end of the experimental work a new source of

Material

Weight

1C

ISi

IMn

.00

0.22

Pigiron

33.9 lbs

4.42

Steel

14.8 lbs

0.10.2

751 FeSi

422

FeCr

165 grms

FeSi
(Inocu
lant)

10 grms

0.168

IA1

*1.5

*1.0

ICr

%S

IP

0.40.6
75

grms

ICa

2.54

75

68.79

~1.5

^1.0

TABLE I - The chemical composition and weights of charge materials used.
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steel scrap was used but was considered to have
essentially the same composition and characteristics.
C.

Mold Design and Preparation
The mold design finally used is shown in Figure 10.

This mold design was chosen for a base mold, taking into
account the general considerations for the mold design
used in normal gray iron castings as well as from the
results already mentioned in the literature survey.
Obviously some changes were necessary when the respective
parts of the pattern were taken as variables.

Typical

dimensions of the base mold are:
R u n n e r .......................... 14-1/2” x 3/4” x 1"
Ingates.......................... 1-1/2”

x

1-1/2” x 3/8”

Upper mold cavities............. 4-1/2”

x

1-1/4” x 1-1/2”

Choke a r e a ......................1-1/8”

x 1/4”

Reaction chamber ( t o p ) ........ 2” x 2”
Reaction chamber (bottom). . . .

1-1/4” x 1-1/4”

Reaction chamber height........ 2”
Chill wedge s a m p l e ............. 4” x 3/4” x 2”
This design is such that the molten iron that has
flowed through the alloy chamber is subdivided into five
cavities provided in the mold.

A chill wedge is inclu

ded in each cavity for checking the effectiveness of
inoculation.

The pouring time was approximately

12-1/2 seconds and the reaction chamber area was

Figure 10. Sketch of the final mold design used
during most heats.
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1.96 square inches.

According to this, the solution

factor of the base casting was 1.02.
Simple green sand molding was used to prepare the
mold.

The pattern was divided into several parts to

facilitate both the extraction of the pattern from the
mold cavity and the altering of the pattern configura
tion.
The pattern was placed in the flask with the flat
side at the parting line.

The entire casting was

molded in the drag of the flask except for the sprue,
which was located in the cope.

In most of the castings

the sprue was situated directly over the reaction cham
ber, as indicated in Figure 10.

However in one of the

heats the sprue was placed in the cope three inches
away from the reaction chamber.
Once the entire pattern was correctly placed inside
the flask the compaction of the green sand over the
pattern was performed manually, taking care to get a
compaction hard enough to support the pressure imposed
by the molten metal, yet soft enough to permit the
required permeability for gray iron solidification.
After compaction, the pattern was removed, a p r e 
determined amount of inoculant was put at the bottom of
the reaction chamber and distributed throughout its
bottom area, and the mold was reassembled.

Before

pouring, the mold was tilted, as indicated by Figure 11,

Figure 11. Sketch of the final tilted position
of the mold during the pouring
process.
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to ensure that the molten metal entered only the lowest
part of the casting until this cavity was completely
filled, then entered the upper cavities sequentially.
D.

Melting and Treatment
The charge was melted with a 50 KW, 3000 cycle in

duction motor-generator unit in a 50 pound capacity
magnesia-lined tilt furnace.

The metal reached the

desired temperature in about 30 to 40 minutes.

This

temperature was about 100°C above the desired pouring
temperature.

To determine this temperature, an optical

pyrometer was used in most cases, although a potentio
meter-recorder was used for some cases where pouring
temperature was taken as a variable.
After melting, the metal was tapped into a pr e 
heated ladle containing the FeCr.

This ladle was pre

heated with a propane gas burner and was lined with
Zir-Mag refractory containing 50% Zr02 and 50% MgO.
After cooling to the desired pouring temperature,
the metal was poured into two individual molds p r e 
viously prepared for each heat and positioned as me n 
tioned earlier.

Each mold produced a 25 pound casting.

The pouring of the base molds was performed at approxi
mately the same rate during a 10 to 15 second period of
time.
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Finally the metal was allowed to cool in the mold
for a minimum period of 24 hours before being shaken
out.

E.

Preparation of Samples
The complete mold with the solidified metal was

shaken out and the different test samples with their
respective cavities were separated from the gating
system.

Figure 12 is a photograph of the complete

casting.
The castings were sand blasted to remove the scale
and burned-on sand.

The chill wedge samples were then

cut from the castings and broken into two pieces for
macroscopic inspection.

These wedges were numbered to

facilitate their identification, i.e. the sample
numbered 12-1-3 corresponds to heat 12, casting 1, and
is the third sample going from the bottom to the top of
the casting, Figure 10.
Finally the samples were examined and both chill
depths and chill plus mottled depths were measured.
Chill depth values were then plotted against cavity
position.
The effectiveness of inoculation is evaluated by
measuring the maximum cementite thickness in the various
chill specimens corresponding to amounts of iron that
represent a successive phase of the inoculation from the
beginning of pouring to the moment this operation is
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Figure 12. Photograph of a typical casting.
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completed.

Test results can be shown graphically where

the width of the area affected by cementite is given as
a function of the sequential position of the specimen.
The shape of the curve shows how the rate of solution
of the inoculant alloy varies from the beginning to the
end of pouring.

Effective inoculation is indicated by

a slightly sloping curve, situated at low chill depths.
The optimum curve would be a horizontal straight line.
F.

Metallographic Studies
Two types of metallographic observations were

made, macrostructure observations, to determine chill
depths, and microstructure observations, to determine
variations in the microstructure.

Photomacrographs

showing the chill depths in typical castings are shown
in Figures 13, 14 and 15.
The metallographic preparation for the microstructural examination of the samples consisted of the
following steps :
a.

Belt grinding

b.

Wet polishing through 240, 320, 400 and 600
grit emery papers

c.

Polishing laps using coarse and fine alumina on
billiard cloth

d.

Etching, using 4% Nital

Samples were examined on a Bausch and Lomb Research
Metallograph.

Photomicrographs of typical structures in

41

the white, mottled, and gray regions of the chill wedges
are shown in Figures 16, 17, and 18.

Figure 13. Photograph of typical chill depths
of a casting poured at 1246°C.
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1 2
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HEAT 6, CASTING 2 , P, T, = B O S 'C

Figure 14.

Photograph of typical chill
depths of a casting poured
at 1305°C.

Figure 15. Photograph of typical chill depths
of a casting poured at 1441°C.

Figure 16. Photomicrograph of the typical
structure in the white region
of the chill wedges.

Figure 17. Photomicrograph of the typical
structure in the mottled region
of the chill wedges.
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Figure 18. Phtomicrograph of the typical
structure in the gray region
of the chil w e d g e s .
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IV.

RESULTS AND DISCUSSION

In this experiment the inoculation of gray iron was
carried out by the addition of 1 5 % ferro-silicon to the
mold.

The function of this inoculation is to cause the

growth of an adequate number of eutectic cells in flake
graphite iron in order to avoid the formation of eutectic
carbides.
In this section the effects of several variables
which affect the rate of solution of mold inoculants in
cast iron are described under the following headings.

A.

a.

Influence of pouring temperature

b.

Tests using different reaction chambers

c.

Effects using different inoculant particle sizes

d.

Influence of the amount of inoculant

e.

Effects of different choke areas

f.

Influence of sprue location

g.

Effect of mold cavity size.

(pouring rate)

Influence of Pouring Temperature
Previous work has indicated that the temperature

noticeably affects the inoculation capability of standard
FeSi inside the mold.

In fact, as the temperature in

creases, the slope of the curve increases considerably,
causing a strong difference in inoculation capability.
This might be due to a pronounced effect of pouring
temperature on the solution rate of the inoculant.

In
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addition, if the melt is heated to a temperature greater
than 2732°F (1500°C), then an inferior level of inoculation results

23

Heats 4, 5, 6 and 7 were designed to investigate the
influence of pouring temperature on the solution rate of
FeSi placed into the reaction chamber to produce gray iron
castings.

A record of the heat and casting numbers and

the results are included in Table II.

The pouring

temperatures ranged from 1246°C to 1441°C

(2275°F to 2626°F).

Figure 19 shows the chill depth versus cavity posi
tion.

Examination of these results could be summarized

as follows.
a.

The best results were obtained at the lower
temperatures, 1246 to 1300°C.

The chill depths

were relatively low and uniform through all of
the cavities.

Similar results were found when

examining the chill plus mottled zone
b.

At higher temperatures, 1345°C and 1375°C, no
chill zone is found in the first cavities.

The

chill depths and chill plus mottled zones in
crease to cavity 5 where the chill is relatively
deep.
c.

Using temperatures of 1400°C and higher gives
a big difference between cavities 1 and 5, since
no chill depth was found in the first specimen
and a high depth occurred at the fifth cavity.

CHILL+MOTTLED DEPTH
IN 32NDS

CHILL DEPTH IN 32NDS
HEAT

CASTING

VARIABLE

CAV. 1

CAV. 2

CAV. 3

CAV. 4

CAV. 5

1

2

3

4

5

8

-

14

16

24

32

10

4

5

12

20

32

1

1400°C P.T.

-

-

-

7

2

1500°C P.T.

-

2

4

8.

1

1375°C P.T.

-

5

8

12

22

-

26

40

64

64

2

1246°C P.T.

4

10

10

11

16

16

24

28

38

44

1

1441°C P.T.

-

8

15

28

44

-

40

64

64

64

2

1305°C P.T.

6

8

3

6

8

16

20

20

24

32

1

1345°C P.T.

-

-

-

10

22

-

16

32

64

64

2

1300°C P.T.

-

6

8

16

20

6

22

24

64

64

4

5

6

7

TABLE II - Chill depth and chill plus mottled depth values obtained by using different
pouring temperatures.
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SEQUENTIAL POSITION OF CAVITIES
Figure 19.

Variation of chill depths corresponding to diffe
rent pouring temperatures.
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Almost all of the inoculant appears to be
dissolved in the first and second cavities.
d.

In general lower temperatures produce an even
dissolution while the higher the pouring tempera
ture, the higher the chill zone for the last
metal entering the mold.

Significant differences

in inoculation effectiveness

were observed within the range of temperatures used.

It

would be useful to discuss each temperature separately.
a.

1246°C - 1300°C.

The chill depths are consis

tent through all five cavities of the casting,
indicating that at these lower temperatures the
rate of dissolution of the inoculant is approxi
mately constant during the pour.

Under the

experimental conditions used, the alloy has a
rapid and uniform dissolution rate at pouring
temperatures around 1300°C.

At 1246°C, the

dissolution was also uniform but higher chill
depths were recorded.

This indicates that the

rate of solution was not rapid enough to
thoroughly inoculate the metal.
b.

At higher temperatures, 1345 - 1375°C, the
curves have a shallow slope and relatively low
values.

However there is an appreciable

difference in chilling tendency in this range of
temperatures.

At 1345°C, the chill zone in the
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first three cavities is completely eliminated.
From this, it could be deduced that, in castings
with a height slightly larger than half of the
casting height used here, this pouring tempera
ture of 1345°C could be used to obtain both
homogeneous and complete dissolution of the
ferrosilicon alloy.

On the other hand it should

be noted that a casting with a larger mass will
have a much deeper chill.
At 1375°C, although the slope is not too high,
the chill depth increases continuously from
zero at the first cavity to a considerable chill
depth in the last cavity.

This indicates that

the first metal dissolves a larger portion of
inoculant than the remaining liquid metal which
fills up the last specimens.

Higher chill values

are found after the second cavity.

Accordingly,

the temperature of 1375°C could be used with
satisfactory results only for castings of total
mass less than 10 pounds,
c.

Using pouring temperatures 1400°C up, an
appreciable loss of inoculant effectiveness is
observed.

In Figure 19 the curve corresponding

to 1400°C has a steep slope which indicates a
great loss of effectiveness.

As can be seen,

at this temperature cavities 4 and 5 have an
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excessively deep chill zone.

At 1441°C, the

curve shows both a high slope and a high chill
thickness for the last portion of the casting
in spite of the zero cementite for the first
two cavities.

The FeSi again dissolves rapidly

at this temperature and is distributed only in
the lower part of the casting.
Most of these curves corroborate the conclusion -t h a t ,
under the experimental conditions, inoculation with FeSi
in the mold is effective only at the lower pouring
temperatures.
It is important to mention that in heat 4 the melt
was superheated to 1550°C .

During the pouring process,

the bottom of the ladle developed a hole and some of the
molten metal was lost.

No credit was given to these

castings results.
In summary, the pouring temperature has a strong
influence on the rate of solution of FeSi used as an
inoculant in the mold inoculation process; as the
temperature at which the metal is poured is reduced, the
degree of inoculation is increased.

At low pouring

temperatures, 1300°C, the rate of solution is approximately
constant through the whole mass of the casting, while at
1400°C and higher, the results are not satisfactory.
However, at pouring temperatures below 1300°C, the chill
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depth increases again due to uniform but slow dis
solution rates.

B.

Tests Using Different Reaction Chambers
M. Remondino and a s s o c i a t e s ^ consider that an

important feature of a good chamber for inoculation
inside the mold is that the horizontal section be practi
cally constant at all heights.

Moreover,

it is important

that other elements of the chamber design are properly
chosen to meet the two following requirements.
a.

The chamber must permit a uniform iron flow
over the alloy to facilitate its gradual
dissolution.

b.

The chamber design must be such that the u n 
dissolved alloy residues dragged into the cavity
by the iron are kept to a minimum.

The area of the reaction chamber has a very impor
tant role in controlling the alloy solution rate.

Speci

fically, as the area of the chamber increases the solu
tion rate increases and conversely as the area of the
chamber decreases, the solution rate decreases

.

A low

solution rate would result in under-dissolution of the
alloy, while if a high solution rate is obtained, all
the alloy is dissolved before pouring is completed.
Therefore, this factor has a profound influence on
casting quality.
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A comparative evaluation of different alloy chamber
designs using the mold inoculation process for gray iron
inoculation has been performed, taking into account a
system of constant experimental conditions.

It was con

sidered useful to study the geometrical factors of both
chamber shape and size.
The five different reaction chamber designs con
sidered in this work are shown in Figure 20 and their
dimensions are given in Table III:
1.

A conical chamber

2.

A hemispherical chamber

3.

A triangular-shape

4.

A flat square-base

parallelipiped chamber

5.

A deep square-base

parallelipiped chamber

chamber

As can be observed, the horizontal cross-section of
the chambers containing the alloy has been changed both
in shape and dimensions.

For a specific casting the

alloy surface area exposed to the iron flow is assumed
to be constant during pouring, although this was not
always the case.
Two pouring temperatures were used:

1300 and 1400°C.

The results are included in Table IV and Figures 21 and 22.
At 1300°C, the conical and the hemispherical shapes
give the best results.

The curves are almost horizontal

and the chill depths are relatively low for all specimens.
At this temperature low values of chill plus mottle
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Figure 20. Sketch of reaction chamber designs.

DIMENSIONS IN INCHES
NO.

CHAMBER DESIGN

a

b

c

d

e

AREA AT INOCU
LANT LEVEL

SOLUTION FACTOR
2
lbs/sec•in

1

Conical

2.0

1.9

1.5

-

-

2.01

0.99

2

Hemispherical

1.2

2.6

-

-

-

2.26

0.88

3

Triangular

2.1

3.7

1.0

-

-

1.28

1.56

4

Flat square-bA
SE

0.8

2.0

1.9

1.8

1.7

2.89

0.69

5

Deep square-bA
SE

2.0

1.8

1.8

1.2

1.2

1.96

1.02

TABLE III - Dimensions in inches and solution factors corresponding to the reaction
chamber designs used.

ClIILL DEP TH IN
32ND S
HEAT

CASTING

VARIABLE

CHI LL+M OTTL ED D EPTHS
IN 32 NDS

1

2

3

4

5

1

2

3

4

5

12

40

64

64

1

1400°C P.T.

-

2

16

22

34

2

1300°C P.T.

4

6

6

5

10

12

12

14

16

24

1

1400°C P.T.

4

6

12

24

28

12

16

32

56

64

2

1300°C P.T.

7

7

7

10

12

16

16

16

22

24

1

1400°C P.T.

5

6

16

22

32

9

14

64

64

64

2

1300°C P.T.

8

16

20

24

24

16

32

48

SO

50

1

1400°C P.T.

4

20

40

44

48

12

64

64

64

64

2

1300°C P.T.

6

12

12

20

14

20

32

32

48

48

-

14

15

16

17

TABLE IV - Chill depth and chill plus mottled depth values obtained by using different
reaction chamber designs.

SEQUENTIAL POSITION OF CAVITIES
Figure 21. Variation of chill depth corresponding to different
reaction chamber designs at 1300°C pouring temperature.

SEQUENTIAL POSITION OF CAVITIES
Figure 22. Variation of chill depth corresponding to different
reaction chamber designs at 1400°C pouring temperature.
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depths are also obtained for the conical and hemispheri
cal shapes.

The results using the flat and triangular-

shape reaction chambers are a little different, showing
relatively uniform but higher chill zones.

The flat and

triangular shapes also show higher chill plus mottle
values for the first metal coming in and lower chill plus
mottle values for last metal than those obtained for the
square-base chamber.
It should be pointed out that for the case of a tri
angular reaction chamber using a pouring temperature of
1300°C, more than half the amount of the alloy remained
undissolved at the bottom of reaction chamber of the
casting.
At 1400°C, the hemispherical and triangular-shaped
chambers give a similar behavior but the slope of the
curve rises continuously after the second specimen.

The

flat square-base chamber shows a steep slope and high
chill zones after the third specimen.
metal has a low chill value.

However the first

The conical shape gives a

discontinuous slope; no chill occurs at the first cavity,
almost no chill at the second specimen, but high chill
depths are found in the remaining cavities.
At 1400°C, the triangular and flat shapes give the
highest chill plus mottled values measured in the experi
ment.

The last three specimens are completely white
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iron.

Even with the flat reaction chamber the inoculant

is dissolved completely in the first cavity.
The pouring time was approximately 12.5 seconds for
most heats.

According to this, and knowing that the

castings have a mass of 25 pounds, the solution factors
obtained for the various reaction chamber designs can be
calculated and are included in Table III.

While the deep

square-base chamber, the conical chamber, and the hemi
spherical chamber have solution factors near the optimum
range of 0.8 to 1.0, the flat square-base chamber has a
very low solution factor

(0.69) and the triangular chamber

has a very high solution factor

(1.56).

Examining the solution factor values, good agreement
was found between the theoretical suggestions and the
chilling tendency.

In fact, a moderate solution factor

was obtained by using the hemispherical, conical, and deep
square-base shapes, indicating that these shapes give the
most suitable solution rate.

Conversely the low solution

factor obtained with the flat chamber led to a high
solution rate and the results indicate insufficient
inoculation.

The triangular shape gives a high solution

factor which resulted in high chill depths due to the
low solution rate obtained.

The large amount of u n 

dissolved alloy in the triangular shaped chamber supports
this result.

In addition the area of the triangular
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chamber changes rapidly as the inoculant dissolves, which
makes the solution factor increase continuously, com
pounding the problem.
The hemispherical reaction chamber gave the best
results.

It produced a solution factor in the center of

the recommended range.

Its design also leads to minimum

turbulence as the metal passes through the reaction
chamber and it minimizes dead spots where metal might not
circulate over the inoculant.
C.

Effects Using Different Inoculant Particle Sizes
The literature suggests that mold inoculation with

ferrosilicon alloys is affected by the particle size of
the inoculant.
point.

Heats 12 and 13 were designed to study this

A normal ferrosilicon, of composition previously

specified, was seived to take portions passing a pre
determined mesh.

Table V shows the range of sizes

chosen.
Ten grams of normal 75% ferrosilicon, which is
equivalent to 0.0004% Si in the total charge, was added
to each casting.

The chill test results are shown in

Table VI and Figure 23 as the chill depth vs. cavity
position curves.
There is little difference in effectiveness when
different grain sizes were used at 1400°C pouring tempera
ture.

All of these curves show almost the same behavior,

which i s :
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CASTING
NO.

POURING TEMPER.

MESH
SIZES

°C

GRAIN SIZES INCHES

•

12-1

1400

+28 to -14

0.0232-0.046

9-1

1400

+48 to -28

0.0116-0.0232

12-2

1380

+65 to -48

0.0082-0.0116

13-1

1400

+100to -65

0.0058-0.0082

13-2

1390

-100

<0.0058

TABLE V - Range of the different inoculant particle sizes
used.

CHILL+MOTTLED DEPTH IN
32NDS

CHILL DEPTH IN 32NDS
HEAT

CASTING

VARIABLE

1

14 MESH PASSED
1400 P.T.

2

48 MESH PASSED

2

3

4

5

-

32

48

64

64

32

6

16

34

64

64

28

28

20

32

64

64

64

32

50

16

32

64

64

64

2

3

4

5

-

13

18

28

50

-

6

12

20

3

10

20

4

12

22

1.

1

12
1380°C P.T.
1

65 MESH PASSED
1400°C P.T.

13
2

100 MESH PASSED
1390°C P.T.

TABLE VI - Chill depth and chill plus mottled depth values obtained by using
different inoculant particle sizes.
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CHILL DEPTH IN 32nds of INCHES

MESH PASSED

48 ■■

100
14
28
48
65

1.
2.
3.
4.
5.

P.T.
1390°C
1400°C
1400°C
1380°C
14 0 0 °C

32 ..

16 -•

2

3

4

SEQUENTIAL POSITION OF CAVITIES
Figure 23. Chill values corresponding to different inoculant
particle sizes.
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1.

A continuously increasing chill depth, which
means a continued loss of dissolution effective
ness

2.

Low values of chill depth for the first two
specimens

3.

Higher but relatively acceptable values for
the third cavity

4.

Very high chill thickness for the last two
cavities.

A grain size of +48 to -65 mesh seems to give the
lowest chill values for the whole casting, but even so
specimen 5 has a high chilling tendency.
When the grain size is too fine, with grains
smaller than 0.0232" (>28 mesh), the alloy dissolution
is too quick and the inoculation is effective only for
the first three specimens.

Inoculation is concentrated

essentially in the first and second specimens and is
insufficient for the last iron portions.
A coarser alloy size shows no appreciable difference
in inoculant dissolution.

However it should be noted

that no attempt was made to use larger grain sizes
(<10 mes h ) .

Another important consideration is that

these tests were made using a pouring temperature of
1400°C and, as was explained before, there is an in
crease in chilling tendency at this higher pouring
temperature.

There is some advantage in sieving the
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inoculant to a specific size.

This will help in prevent

ing large pieces being added, which are difficult to
dissolve.

However care should usually be taken to remove

under-sized pieces as they dissolve too rapidly to give
uniform inoculation.

D.

Influence of the Amount of Inoculant
Heats 8, 9 and 10 were made using different amounts

of ferrosilicon in order to determine the effects on
solution rate due to variations in the amount of inocu
lant used.
sidered.

Again two pouring temperatures were con
The chill measurements were plotted against

cavity position and are shown in Table VII and Figures
24 and 25.
At 1300°C, the most effective inoculation occurs in
the specimens using 20 grams of inoculant.

The slope is

practically horizontal through all of the specimens and
the chill thicknesses have satisfactorily low values.
With smaller amounts of inoculant, the curves show a
steeper slope, with no chill at all in the first cavity
and high chill zones at the top of the casting.

This

behavior is similar to that when 10 grams are used at
1400°C.
At 1400°C, 20 grams of inoculant gives results
similar to the base amount (10 grams), showing good
inoculation of the first two specimens and a relatively
high chill zone at the fifth cavity.

Using 5 grams gave

CHILL+MOTTLED DEPTH
IN 32NDS

CHILL DEPTH IN 32NDS
HEAT

CASTING

VARIABLE

1

2

3

4

5

10

22

36

50

2

3

4

5

-

24

64

64

64

1

1

5 grms, 1400°C P.T.

-

2

20 grms, 1390°C P.T.

-

5

10

24

36

-

12

20

64

64

1

10 grms, 1400°C P.T.

-

6

18

32

36

-

12

64

64

64

2

40 grms, 1300°C P.T.

-

-

10

24

-

4

5

28

64

1

5 grms, 1300°C P.T.

6

6

15

24

38

16

22

32

64

64

2

20 grms, 1290 P.T.

3

8

10

16

8

10

16

23

32

8

9
-

10

TABLE VII - Chill depth and chill plus mottled depth values obtained by using
different amounts of inoculant

CHILL DEPTH IN 32nds of INCHES

SEQUENTIAL POSITION OF CAVITIES
Figure 24.

Chill values corresponding to different amounts of
inoculant at 1300°C.

CHILL DEPTH IN 32nds of INCHES

64 J-

Figure 26.

Chill values corresponding to different amounts of
inoculant at 1400°C.
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poor results, since a very high chill value was present
in the last two specimens.

Most of the 40 grams added

to the casting was dissolved in the first two cavities.
However, the last portion of the metal has a lower chill
than that corresponding to the base amount used.
In general, the effectiveness of the amount of
inoculant depends highly on the pouring temperature:
the higher the pouring temperature the larger the amount
of inoculant needed.
From Figure 24, it is observed that using 20 grams
of FeSi at 1300°C pouring temperature gives a better
dissolution than in the other cases, with a consistently
low concentration of cementite in the test specimens.

A

small amount of inoculant was found undissolved at the
bottom of the reaction chamber of the casting.

However,

a small excess of alloy material is a necessary safe
guard.
With 5 grams of FeSi at 1300°C, there is a noticeable
decrease in effectiveness after the first cavity, where
it appears that most of the inoculant was dissolved.

The

same type of behavior is shown in Figure 25 when an equal
amount of 5 grams was used at 1400°C.

Also from Figure

25 it can be observed that using 20 grams of inoculant
gives an appreciable chilling tendency.
Too much undissolved alloy was found at the bottom
of the reaction chamber when more than 20 grams was

71

added.

When 40 grams are added, Figure 25, complete

elimination of cementite occurs in the first three
cavities, but the chill depth is considerable in cavities
4 and 5.
It could be concluded that under the experimental
conditions used and the type of test casting chosen, the
greatest effectiveness was found by using 20 grams at
1300°C.

Larger amounts leave unreacted alloy residues

while lower amounts of inoculant are insufficient to
avoid formation of carbides in the casting.

E.

Effects of Different Choke Areas

(Pouring Rate)

It has been seen that the solution factor is an
important part of this process.

For a constant reaction

chamber area, the solution factor depends on the pouring
rate, which is most easily controlled by the choke area.
This pouring rate plays an important role on the dis
solution of the alloy placed in the reaction chamber.
By increasing the choke area, it is possible to
increase the rate at which molten metal is going through
the reaction chamber toward the mold cavities.

As a

result the molten metal is in contact with the alloy for
a shorter period of time.

Hence, some variations in

chilling tendency are expected when different choke
areas are used in the mold inoculation process.

Dross

and slag will also be found in the casting if the gating
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system is not properly choked beyond the point where the
metal reacts with the alloy.
For this section two heats were poured in addition
to those made with the base gating system.

In heat 18,

the runner was 1-1/8” x 3/4” in cross-section and as a
result the choke was located at the sprue instead of
down-stream from the reaction chamber.

In heat 19, the

choke was 1-1/8” x 1/8” in cross-section, or smaller
than the base castings, which, used a choke that was
1-1/8” x 1/4” .
According to variations in choke areas and knowing
that the sprue area was 0.385 in2 and the ingate area
2
was 0.5625 in , the gating ratios were calculated,

Table VIII.
Table IX shows the chill values measured and
Figure 26 shows the corresponding curves of chill depth
vs. cavity position.
When a 1/8" choke height was used at 1300°C, the
chill measurements were uniform and the lowest obtained.
When a 1/4” choke height was used, the results show no
chill zone for the first metal coming in and some loss
of effectiveness for the remaining metal poured.

Rela

tively low chill values were obtained for the second and
third specimens but were higher for the fourth and fifth
specimens.

The same behavior is noted when no choke is

used, except that the chill depths for each cavity are
slightly higher.
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HEAT NO.

CHOKE HEIGHT

CHOKE AREA

GATING RATIO

19

1/8 inch

0.1563

2.5:1:3.5

7

1/4 inch

0.3125

1.2 :1:1.8

18

3/4 inch

0.9375

1:2.5:1.5

TABLE VIII -

Gating ratios corresponding to the different
choke areas used.

CHILL DEPTHS IN 32NDS
HEAT

CHILL+MOTTLED DEPTHS
IN 32NDS

CASTING

VARIABLE

1

2

3

4

5

1

2

3

4

5

1

No choke

4

20

44

W*

W

8

64

64

W

W

5

8

16

20

26

10

16

36

64

64

7

10

20

24

26

10

24

48

60

64

5

9

12

13

15

10

16

28

32

40

1400°C P.T.
18
2

No choke
1300°C P.T.

1

1/8" choke height
1400°C P.T.

19
2

1/8" choke height
1300°C P.T.

|

* The entire wedge sample was white iron

TABLE IX - Chill depth and chill plus mottled depth values obtained by using
different choke areas

CHOKE

JL,
64 +

l.
CHILL DEPTH IN 32nds of INCHES

2 .

48

" 3.
4.
5.
6 .

(HEIGHT) P.T.
0”
1/4"
1/8"
0"
1/4"
1/8"

14 00°C
1400°C
1400°C
1300°C
1300°C
1300°C

32 ..

16 -•

SEQUENTIAL POSITION OF CAVITIES
Figure 26. Chill depths corresponding to different choke areas.
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At 1400°C, the 1/8" choice height gives a curve with
relatively low slope and good chill values for the first
two specimens.

With no choke at 1400°C, the inoculant

seems to be dissolved completely in the first metal.
In Table IX, it is possible to see a low chill plus
mottled value only for the first specimen and very high
values for the others, especially in the cases where
1/4" height choke and no choke were used at 1400°C.
In analyzing these results it can be noted that
there is an appreciable influence of temperature when
the choke area is chosen as a variable for inoculant
dissolution.

Particularly for the case where no choke

is used at 1400°C, there is a big difference in chilling
tendency between cavities, indicating that the first
metal coming in was over-treated and the last metal
under-treated.

This reveals that the choke area has a

great influence in controlling the rate of solution.
The gating ratios obtained indicate that castings
using both a 1/4 and 1/8 choke height were poured in a
pressurized gating system, while an unpressurized system
was employed when a 3/4" choke height was used.

With the

pressurized system the pouring rate was slower and low
chill depths were obtained.

Conversely when the u n 

pressurized system was used chill depths were extremely
high and the last two specimens were completely white
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iron.

These observations, indicate the necessity for

using pressurized gating systems with the proper solution
factors.
It seems that the effects of choke area and pouring
temperature are cumulative.

In general it was found

that there is a better solution control when using the
smallest possible choke area.

For the cases studied, a

choke area of 1-1/8" x 1/8" gave the most effective
solution, showing an approximately constant dissolution
of the alloy.

F.

Influence of Sprue Location
It is possible that when pouring the molten metal

directly into the reaction chamber containing the
inoculant, violent reactions are produced which accel
erate the dissolution of the alloy, causing over-concen
tration for the first metal entering the mold cavities
and, inversely, under -concentration for the last metal.
During the previous trials the sprue was located
directly over the reaction chamber as indicated in
Figure 10.

Heat 11 was performed to determine whether

there was some difference in chilling tendency when the
sprue was located prior to the reaction chamber.
Two castings were made with the sprue located
three inches down-stream from the alloy chamber.
is indicated in Figure 27.

As in the other cases,

This

Figure 27. Sketch of mold design using the
sprue located three inches away
from the reaction chamber.
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considering the importance of the pouring temperature,
these two castings were made at two different pouring
temperatures, 1300 and 1400°C.
Table X lists the measurements obtained with this
variable.

The corresponding graphs are shown in

Figure 28.
With the sprue located directly over the chamber at
1300^0, there was no chill zone for the first specimen
and low values for the second and third specimens;
however, relatively high values were found for the last
two cavities.

When the sprue was located three inches

away, the chill measurements are high but approximately
of the same value for all five cavities at 1300°C.

With

the sprue over the chamber at 1400°C low chill thicknesses
are shown for the first three specimens and high values
for the last two.

At 1400°C with the sprue away from

the reaction chamber, more uniform chill values are o b 
tained than with the sprue over the chamber.

The chill

plus mottled thickness for casting 11-2 is extraordinarily
large when the sprue was away from the chamber.

In this

casting, approximately 1/3 of the alloy remained u n 
dissolved in the reaction chamber.
In spite of the considerable amounts of inoculant
found undissolved in the chamber, the sprue located
away from the alloy chamber at 1300°C permits good

CHILL DEPTHS
IN 32NDS
HEAT

CASTING
1

CHTL'L+MOTTEETT' 'DEPTH'S--IN 32NDS

VARIABLE

1

2

3

4

5

1

2

3

4

5

Sprue 3M away

4

10

20

26

32

12

20

48

64

64

14

20

22

24

26

32

64

64

64

64

1400°C P.T.
11
2

Sprue 3" away
1300°C P.T.

TABLE X - Chill depth and chill plus mottled depth values obtained by using different
locations for the sprue.

64 ••

1.
2.
3.
4.

w
w
w

% 48
H

LOCATION FOR THE SPRUE

P.T,

Over
Away
Away
Over

1400°C
1400°C
13 0 0 °C
1300°C

Reaction Chamber
From Reaction Chamber
From Reaction Chamber
Reaction Chamber

m
o

co
C

CM

32 ..

3
M
w
Eh

Pj

W
Q 16
a
H
w
u

SEQUENTIAL POSITION OF CAVITIES
Figure 28. Chill depths obtained by using different locations
for the sprue.
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dissolution of the inoculant.

However, the high chill

values obtained in all specimens were probably due to
the low solution rate obtained in this specific casting.
In general, locating the sprue away from the
reaction chamber seems to yield better control over the
solution rate, allowing more consistency in the alloy
concentration from the beginning to the end of pouring.
G.

Effects of Mold Cavity Size
To verify earlier work and to determine the effect

of mold inoculation in heavier sections, tests were made
employing casting cavities with different heights, there
fore with different volumes.

Sizes of the castings are

given with Figure 29.
The castings in heat 20 used only chill wedges
poured at 1400°C and 1300°C.

In heat 21, a cavity 1"

high over the chill wedge was poured at the same two
temperatures.
cavity.

Previous castings used a 1-1/2" high

Table XI shows the chill measurements obtained

and Figure 30 shows the corresponding curves.
When no cavity at all is used, low chill values
were obtained and curves were approximately horizontal
for all five cavities.

Here again, by using a pouring

temperature of 1300°C, lower chill values were obtained
than when 1400°C was used.

Cavities with a 1" height

gave both low and uniform chill values at 1300°C.

How

ever, at 1400°C the results were not satisfactory, since
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Figure 29

Sketch showing the dimensions of the
different mold cavities used.

----- CHTEI7~DEPTHS------ “ OTILL+HOTTLED DEPTHS
IN 32NDS
IN 32NDS
HEAT

CASTING
1

VARIABLE

1

2

3

4

5

Only the chill wedge

-

-

7

10

12

4

6

8

8

10

12

24

32

34

8

10

11

12

2

3

4

5

14

14

20

24

12

20

24

14

-

20

64

64

64

8

20

20

22

32

1
-

1400°C P.T.
20
2

Only the chill wedge

10

1300°C P.T.

1

1" cavity height
1400°C P.T.

-

^

21
2

1" cavity height

5

1300°C P.T.

TABLE XI - Chill depth and chill plus mottled depth values obtained by using different
cavity sizes.

64
in

ji

i.
2.
3.
4.
5.
6.

1.5"
1"
1.5"
1"
0"
0"

P.T.
1400°C
1400°C
1300°C
1300°C
1400°C
1300°C
hkn

CHILL DEPTH IN 32nds of INCHES

CAVITY SIZES

SEQUENTIAL POSITION OF CAVITIES
Figure 30. Chill depths corresponding to different cavity sizes
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there was no chill at the first cavity but a high loss
of effectiveness for the others.

For the 1-1/2" cavity

heights, the results are similar to those for the 1"
height.
These results indicate that the tendency for chill
formation increases with increasing casting size.
Heavier castings receive less inoculation, however a
more effective inoculation is obtained at relatively
low pouring temperatures.

For the larger casting

volumes, a greater amount of inoculant may have to be
used.
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V.

CONCLUSIONS

From the results and observations of this investiga
tion it was concluded that the effectiveness of mold
inoculation in eliminating or reducing carbides in cast
irons is highly affected by the variables studied.
Of the variables evaluated, pouring temperature,
reaction chamber design, and choke area showed the maximum
influence.

The other variables - amount of inoculant, alloy

grain size, sprue location, and cavity size - were some
what less influential.
Inoculation in the mold seems to be comparatively
more sensitive to changes in pouring temperature than to
the other factors.

It was found that as the pouring

temperature increases, the inoculant effectiveness
decreases.

Ferro-silicon gives an adequate dissolution

rate at temperatures around 1300°C.

Temperatures higher

than 1400°C encourage a high chilling tendency, particular
ly in the last metal into the mold cavity.
The reaction chamber design is second only to pouring
temperature in order of importance.

In fact, elements

such as the shape and the vertical and horizontal dimen
sions must be taken into account in designing the proper
chamber for the alloy.

Both hemispherical and conical

designs seem to lead to the best alloy dissolution.
Square-base shapes are less effective and the triangular
cross-section is not suitable at all.
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It was found that FeSi using medium grain sizes
resulted in a chill reducing inoculant effect far superior
to the effects generated by a similar addition using
grains that were either too fine or too coarse.

An

appropriate alloy size seems to be around 0.023"

(0.58 mm).

The amount of inoculant is of some importance as both
too little inoculant and too much inoculant could cause
problems of either incomplete inoculation or incomplete
dissolution of the alloy.

Taking into account the

specific conditions employed, the amount of 20 grams of
FeSi seems to show the best solution at 1300°C.
Some reduction in the degree of inoculant dissolution
occurs as the area of the choke increases.

This variable

seems to be of great importance in controlling the alloy
solution rate.

Any further work should study the effects

on alloy solution factor at different pouring temperatures.
Gating systems where separate sprue and reaction
chambers are used lead to a more uniform alloy dissolu
tion.

Dissolution of the alloy, however,

is less sensi

tive to variations in the sprue and alloy chamber loca
tions than to the previous variables.
It should be clear that, for a better understanding
of the inoculant alloy behavior affecting the process of
gray iron inoculation inside the mold, a great deal of
work must still be done to optimize the process.

One

recommendation could be an investigation on the inoculation
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effectiveness at different solution factors, using as a
base the following conditions.
a - Pouring temperature around 1300°C
b - A hemispherical reaction chamber
c - Alloy grain size around 0.023"

(0.58 mm)

d - 20 grams of ferro-silicon at 1300°C pouring
temperature for a 25 pound casting
e - A choke area of 1/8" height
f - Sprue and reaction chamber separated from each
other
g - 1" cavity height
h - If possible physical properties and micro
structure analysis should be used to compare the
results obtained.
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